Both semiconservative deoxyribonucleic acid replication and "extensive repair" synthesis, after ultraviolet irradiation, appear to be blocked by nalidixic acid. These findings suggest that the agent(s) responsible for both of these modes of replication, or some necessary common process or structure, is affected by this drug.
Recently, De Lucia and Cairns (8) reported a mutant of Escherichia coli which shows greatly reduced deoxyribonucleic acid (DNA) polymerase (EC 2.7.7.7) activity in cell extracts and greatly increased sensitivity to ultraviolet (UV) irradition (5, 8) , as well as increased sensitivity to methylemthanesulfonate. This mutant is able to grow and replicate DNA and yet has less than 1% of the normal polymerase levels in cell extracts. Also, some mutants, which are temperature-sensitive for DNA replication and which have normal polymerase levels (3, 10, 13) , have been reported to show nonconservative ("repair") synthesis at nonpermissive temperatures (11) . In addition, semiconservative and repair synthesis have been shown to have different levels of preferential incorporation of thymine over 5-bromouracil, which suggests that different agents are responsible for these two functions (14) . These findings have suggested that the DNA polymerase described by Kornberg (17) may not be the agent responsible for normal semiconservative replication in the cell. Instead, it has been suggested (8) that this enzyme may be responsible for the so-called "repair" (1, 4, 18, 19) or nonconservative synthesis of DNA.
Nalidixic acid has been shown to stop semiconservative DNA replication immediately (7, 9) , but it does not appear to alter the in vitro replication of DNA by DNA polymerase (6) . If semiconservative replication and repair synthesis are processes which are mediated by two separate agents, one might expect to find conditions under which one process is selectively inhibited. It was in this frame of reference that we decided to compare the effect of nalidixic acid on repair and semiconservative synthesis in E. coli in experiments similar to those described by Pettijohn and Hanawalt (18) . Our results, described below, suggest that either the agent(s) responsible for these two modes of synthesis, or some necessary common process or structure for both, is affected by this drug.
MATERIALS AND METHODS
Growth conditions. E. coli 15 T-(thy-, arg-, met-, try-), described previously (15) , and a mutant strain resistant to 20 yg of nalidixic acid per ml were grown routinely in M9 medium (15) with the required amino acids: arginine, methionine, and tryptophan at 20 qg/ml and thymine at 20 Ag/ml.
Labeling and measurement of radioactivity. Cells were uniformly labeled with '4C-thymine (0.2 MCi per 2 Mg per ml) for three to four generations. Samples or fractions from gradients were treated with cold 5% trichloroacetic acid; the precipitate was collected on glassfiber filters (Reeve Angel), washed, dried, and counted in toluene-Liquifluor scintillation fluid on a NuclearChicago 720 series scintillation counter.
Irradiation. When the cell density of the culture had reached approximately 3 x 108 cells/ml, the cells were collected by centrifugation and suspended in M9 without glucose or other supplements to give a cell density of 5 x 108 cells/ml. The suspension (4 mm deep) was irradiated at 10 ergs per mm2 per sec for 53 sec during agitation on a vibratory shaker. The irradiation was accomplished with a General Electric germicidal lamp with a 95% output at 254 nm. The lamp output was measured with a Latarjet meter (16). The above dose of irradiation resulted in a survival of 0.05% colony formers. The cells were then suspended in M9 with normal supplements at a cell density of 2 x 108 cells/ml. During all steps subsequent to irradiation, care was taken to avoid exposure of the cultures to visable light in order to prevent photoreactivation (2, 21) .
Repair synthesis after UV irradiation. After irradiation, the cells were suspended in M9 with supplements, at intervals during incubation after UV irradiation, and further synthesis was stopped by chilling. The cells were collected by centrifugation and stored at -10 C until lysed. Lysis was accomplished by the addition of 1 ml of 1% sodium lauryl sulfate in 0.02 M ethylenediaminetetraacetate. The lysate was further incubated in the presence of 100 ,g of Pronase (Calbiochem) per ml for 30 min at 37 C. 3H-labeled 15 T-light and hybrid-density DNA were added as density markers. The lysate was brought to a volume of 3.36 ml by the addition of distilled water and was then added to 4.36 g of CsCI to give the desired density. The samples were overlaid with mineral oil and centrifuged at 40,000 rev/min in a type 50 rotor in a Spinco model L ultracentrifuge for 45 hr. Six drops were collected in the first tube, and three drops per fraction were collected in subsequent tubes. To each fraction was added I ml of cold trichloroacetic acid, and the radioactivity was measured as described above.
RESULTS
Semiconservative DNA replication in the presence of nalidixic acid. To determine whether, in the presence of nalidixic acid, both semiconservative and repair synthesis could be restored by a singlestep mutation, we selected for a spontaneous mutant of E. coli 15 T-which could grow in the presence of 20 Ag of nalidixic acid per ml. Preliminary evidence indicated that this mutation to nalidixic acid resistance is at a step other than that of transport across the cell membrane. These nalidixic acid-resistant cells, which had been treated with agents which allow passive transport of compounds such as acridine dyes (20) (Nalr) continues incorporation at the normal rate observed for semiconservative replication.
Release of thymine from DNA after UV irradiation. The Nair mutant and the parent strain were prelabeled with "4C-thymine and then irradiated with UV light. Growth conditions were reestablished in nonradioactive medium, and the loss of acid-precipitable counts was followed with time (4, 19) . From the results (Fig. 2) , it appeared that both the parent and the mutant lose thymine after UV irradiation in the presence of nalidixic acid. At about 90 min after irradiation, the control culture and the Nalr mutant may reincorporate some of the counts which were lost. By 150 min, approximately 20% of the '4C counts had been lost from the acid-precipitable fraction in the parent control culture without nalidixic acid and in the Nair culture in the presence of nalidixic acid, and about 30% of the counts had been lost in the parent culture in the presence of nalidixic acid.
Effect of nalidixic acid on repair and semiconservative DNA synthesis after UV irradiation. To test the effect of nalidixic acid on repair synthesis, the incorporation of "4C-thymine and 5-bromouracil into DNA after UV irradiation was followed, both in the presence and in the absence of nalidixic acid. In these studies, UV doses were used which resulted in the survival of 5 x 10-2% colony-producing cells, so that the recovery of semiconservative replication be appreciably delayed (18) . Samples were taken at various intervals after UV irradiation and subjected to CsCl density gradient centrifugation. In the control culture, with no nalidixic acid, there appeared to be an initial stage in which the 14C counts were incorporated into DNA in the light-density region (Fig. 3a) In Fig. 3e , f, and g, DNA synthesis after UV irradiation in the presence of nalidixic acid is compared with that in the control culture. When nalidixic acid was present, there appeared to be an initial stage where there was a small amount of incorporation of 'IC counts into DNA of light density without further increase in counts after 150 min. There also appeared to be no shift of the counts into DNA in the intermediate-density region.
In contrast, the results with the Nalr mutant in the presence of nalidixic acid (Fig. 3h-j) cated that the incorporation of 14C counts into DNA after UV irradiation and the accompanying shift in counts to DNA of intermediate density is very similar to the pattern obtained with the parent control culture.
DISCUSSION
The results described above indicate that in the presence of nalidixic acid repair synthesis is arrested at a very early stage which allows only the incorporation of a small amount of 5-bromouracil into the DNA and is insufficient to alter the density of the DNA appreciably.
There appears to be as much loss of radioactive thymine from prelabeled DNA after UV irradiation in the presence of nalidixic acid as in its absence. This would indicate that the lack of subsequent repair synthesis, sufficient to cause a shift in density of the DNA, is not caused by a failure of an exonuclease action to excise nucleotides, thus resulting in the need for "extensive repair" synthesis. Instead, it appears that the block placed by nalidixic acid is at a step which permits "extensive repair" synthesis.
To determine whether semiconservative and nonconservative replication are both blocked by nalidixic acid, it is pertinent to consider whether "extensive repair" synthesis is nonconservative. One might well imagine that thymine released during DNA degradation after UV irradiation would contribute to the intracellular pool, resulting in dilution of the 5-bromouracil concentration. During the period of semiconservative replication, this dilution of the relative 5-bromouracil concentration by thymine could result in the production of DNA with a density of less than that of the 3H-labeled standard hybrid-density marker DNA. The work of Kanner and Hanawalt (14) , however, indicates that the thymine released after UV irradiation does not cause a change in the density of the newly synthesized DNA. But with larger UV doses one might expect more DNA breakdown and some dilution of the 5-bromouracil. The results shown in Fig. 2 suggest that DNA breakdown stabilizes by about 90 min, and presumably the dilution of the 5- bromouracil should be at a maximum. From Fig.  3h , it can be seen that semiconservative replication is just starting at 90 min, and by 210 min peaks are resolved which are located on either side of the 3H-labeled hybrid-density DNA marker. These peaks may represent newly replicated "hybrid" and "heavy" DNA which have been displaced to a somewhat lower density owing to dilution of the 5-bromouracil by thymine. If this is the case, it is nevertheless difficult to see how the DNA located between the 3H-labeled light marker and the new "hybrid" peak arose if not as the result of some mode of nonconservative replication.
The results with the Nalr mutant indicate that the aquisition of the potential for "extensive" repair synthesis after UV irradiation is accompanied by restoration of the potential for semiconservative synthesis in the presence of nalidixic acid. The restoration of both functions is presumably the result of a one-step mutation (12) . The work of Deitz et al. (7) suggested that the production of a special permease for the transport of nalidixic acid is not required. Also, preliminary results in our laboratory indicate that this mutation to nalaidixic acid resistance is at a step other than that of transport of nalidixic acid across the cell membrane. Further studies are underway to determine the mechanism whereby nalidixic acid blocks DNA synthesis.
In summary, our results indicate that both semiconservative DNA replication and "extensive repair" synthesis, after UV irradiation, are blocked by nalidixic acid. Mutation to nalidixic acid resistance restores both of these functions in the presence of nalidixic acid. These findings suggest that either the agent(s) responsible for both of these modes of replication, or some necessary common process or structure, is affected by this drug.
